The unusual dumbbell shape of troponin C is due to the presence of a long a-helix of nine turns that connects the amino-and carboxyl-terminal calcium-binding domains. The center of the long helix appears to be stabilized by several salt bridges. The long helix is also bent about 160 at glycine-92. Calmodulin, which lacks the central glycine, also is predicted to be stabilized by salt bridges in the central helix. The presence of a proline residue in the center of the long helix of ascidian troponin C and the myosin regulatory light chains suggests that a sharper bend may occur in these molecules. The conservation of the bend and salt bridges in the related calcium-binding proteins suggests they may have an important biological function. The structure of troponin C suggests that intrahelix salt bridges between neighboring charged residues may be involved in the stabilization ofprotein secondary structure. The preponderance of potential salt bridges in other muscle proteins as well may be related to their elongated structures and their participation in the contractile process. Recent x-ray diffraction results on troponin C and calmodulin crystals have revealed that these molecules are dumbbell shaped with a long central helix extending between the amino and carboxyl domains (1-4). The nine-turn helix in troponin C has about three turns buried (either wholly or partially) in each ofthe flanking domains, but this leaves three turns in the center exposed fully to the solvent. It is well known that single a helices are highly unstable in an aqueous environment (5) and, thus, the exposed helix in these calcium-binding proteins was totally unexpected. In fact, there is no precedent for such an arrangement among the large number of proteins whose x-ray structures are known. An examination of the troponin C amino acid sequence in the DE-linker helix, however, shows that the residues have a high potential for helix formation. A proposed structure of troponin C (6) had predicted this region to be a random coil as would have been expected by the corresponding BC-linking region of parvalbumin on which the model was based. It is the unexpected helix in this linker segment that gives rise to the long central helix and in turn the unusual dumbbell shape of these molecules. An examination of the factors that induce and stabilize the central helix-especially the linker segment-is, therefore, essential to understanding the conformation and dynamics of these Ca2l-binding proteins.
Recent x-ray diffraction results on troponin C and calmodulin crystals have revealed that these molecules are dumbbell shaped with a long central helix extending between the amino and carboxyl domains (1) (2) (3) (4) . The nine-turn helix in troponin C has about three turns buried (either wholly or partially) in each ofthe flanking domains, but this leaves three turns in the center exposed fully to the solvent. It is well known that single a helices are highly unstable in an aqueous environment (5) and, thus, the exposed helix in these calcium-binding proteins was totally unexpected. In fact, there is no precedent for such an arrangement among the large number of proteins whose x-ray structures are known. An examination of the troponin C amino acid sequence in the DE-linker helix, however, shows that the residues have a high potential for helix formation. A proposed structure of troponin C (6) had predicted this region to be a random coil as would have been expected by the corresponding BC-linking region of parvalbumin on which the model was based. It is the unexpected helix in this linker segment that gives rise to the long central helix and in turn the unusual dumbbell shape of these molecules. An examination of the factors that induce and stabilize the central helix-especially the linker segment-is, therefore, essential to understanding the conformation and dynamics of these Ca2l-binding proteins.
Based on our investigation of the x-ray structure of troponin C from chicken skeletal muscle, we suggest that the integrity of the long central helix is derived from numerous intrahelical electrostatic and/or salt-bridge interactions between the basic and acidic amino acid side chains, especially in the exposed DE-linker segment. We support this hypothesis both by reference to our x-ray structure oftroponin C and by phylogenetic considerations of the amino acid sequences of various calcium-binding proteins.
It has been shown that the frequency of occurrence of glutamic acid residues in a-helices of proteins markedly exceeds that expected from studies of random copolymers (7) . These workers also showed that the probability for a glutamic acid (position () being in an a-helix was significantly greater if an amino acid with a positively charged side chain was three or four residues away (i ± 3 or 4) in the sequence. Similar enhanced probabilities were found with oppositely charged residues at two or three positions away from lysine and at 3 positions away from aspartic acid. Of 25 glutamic acid residues in troponin C, 23 Fig. 1 ). There are a striking number of possible salt-bridge combinations: arginine-84 * glutamic acid-88; glutamic acid-88 ... lysine-91; aspartic acid-89 ... lysine-93; lysine-91 ... glutamic acid-95; lysine-93 ... glutamic acid-96. The side chains have been fit into the appropriate x-ray densities using molecular graphics. With the possible exception of lysine-91 ... glutamic acid-95, the remaining pairs have side chain orientations which are consistent with salt-bridge and/or electrostatic interactions. The electron density maps show that arginine-84 may be disordered and also involved in an interhelical salt bridge with glutamic acid-64 of the C-helix. The structure also shows that the glutamine-85 ... aspartic acid-89 pair, though not a salt bridge, can be involved in a hydrogen bond. These salt bridges appear to virtually surround the DE-linker helix. In addition there is a potential for a salt bridge between aspartic acid-100 and arginine-103 in the C-terminal third (E-helix) of the long helix where the x-ray results show the carboxyl group of aspartic acid-100 meets the arginine-103 side chain. These interac-
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It may be added that there appears to be some potential for repulsive interactions between pairs oflike charges separated by i ± 3 or 4 residues apart-i.e., arginine-84/lysine-87 and glutamic acid-97/aspartic acid-100. But as shown in Fig. 1 and Table 1 the residues arginine-84 and aspartic acid-100 have also the potential to engage in attractive interactions. The attractive interactions between these residues plus the other potential pairs discussed above are expected to outweigh the repulsive interactions. In fact the juxtaposition of such a distribution of charged residues may enhance the formation of potential salt bridges discussed above.
Sequence Comparisons and Potential Salt Bridges in Calcium-Binding Proteins. The amino acid sequences of troponin C, calmodulin, and the myosin regulatory light chains in the region of the long helix are shown in Table 2 . The sequences have been aligned with respect to that of chicken troponin C. There is a great degree of homology among the residues that show potential for forming salt bridges. Rabbit and human troponin Cs differ from chicken only at residue 100 where there is a glutamic acid replacing aspartic acid. Frog troponin C has a glutamine at residue 91 instead of a lysine, a replacement that will not allow a salt bridge but the formation of a hydrogen bond with either glutamic acid-88 or -95. Ascidian troponin C has not only more extensive changes in the sequence but also has 4 additional residues in the linker. In spite of these alterations, the potential salt bridges glutamic acid-88 ... lysine-91 and glutamic acid-100 ... arginine-103 are retained. An important mutation is the switch of lysine-93 in chicken to glutamic acid in the ascidian protein. This change is accompanied by an insertion of a lysine between residues 96 and 97 to allow the formation of new salt bridges to glutamic acid-93 and/or -100. The switch of chicken serine-94 to arginine in the ascidian further allows an additional salt bridge with glutamic acid-97, whereas the switch in chicken lysine-87 to glutamine in ascidian will not allow a salt bridge with arginine-84, but may permit a hydrogen bond with residue 84. Most of the changes and insertions in the sequence are associated with a high helix potential. In ascidian troponin C the insertions would lengthen the central helix to about 10 turns, and the switch of the glycine-92 to proline will accentuate the break in the helix as discussed below. Cardiac troponin C sequences have only a single change among the potential salt-bridge side chains-an aspartic acid substitution for glutamic acid-88 in chicken skeletal muscle troponin C.
Several calmodulin sequences have also been aligned with troponin C in Table 2 . Most of the potential salt-bridge residues are either identical to those in troponin C or conservative replacements. These include arginine-74, lysine-77, aspartic acid-78, glutamic acid-82, glutamic acid-87, and arginine-90. When compared to troponin C, calmodulin has the deletion of three residues and amino acid changes at Biochemistry: Sundaralingam et al. 
Chicken cardiac (25) -
The one letter code for amino acid residues is used. *The numbers correspond to the residue positions of the first species in each protein class. Previous studies have shown sequence homology between troponin C and the myosin regulatory light chains (26) . The number of potential salt bridges is more limited in the light chains; only glutamic acid-88 ... lysine-91 and lysine-91 ... aspartic acid-94 (Table 2 ) appear possible. The location of these charged residues is identical among the tissues and species shown.
It is interesting to note the positions of the glycine and proline residues in the various proteins listed in Table 2 . As mentioned earlier, the glycine appears to be the pivot point in the bend of the central helix of chicken troponin C. This glycine is among the three residues deleted in the calmodulins. The ascidian troponin C has a proline residue replacing chicken glycine-92. There is also a proline residue at position 95 in the myosin light chain (in all tissues and in the two species shown) immediately adjacent to a potential saltbridged residue. Proline-95 in the myosin light chains corresponds to serine-94 in troponin C. These observations suggest that this region in troponin C and the light chains may provide a bend point for these molecules. The proline would cause a break (though not necessarily disrupting the helical path of the polypeptide chain) in the long helix and may cause the light chains and ascidian troponin C to adopt a more boomerang shape. The absence of glycine or proline in the corresponding region of calmodulin raises the question of whether the mechanism of action in these proteins involves a major angular displacement of the helix. The salt bridges themselves may be responsible for the bend in the helix since a slight bend can be seen in calmodulin, which lacks glycine and proline in the central region.
The lengths of the central helix of the various calciumbinding proteins in Table 2 appear to be related by integral helical turns. Thus, chicken troponin C has 9 turns, ascidian troponin C has 10 turns (4 amino acid insertions relative to chicken troponin C) and calmodulin (4, histidine. An additional 14 potential salt bridges may be formed involving aspartic acid. Hence, there is a potential for as many as 40 intrahelical salt bridges in contrast to only 9 potential interhelical salt-bridge interactions between the two adjacent polypeptide chains (27) . Thus, besides the hydrophobic interactions and interchain salt bridges (27) (29) which seems to be consistent with the proposed salt-bridge stabilization. It is tempting to speculate that the ubiquitous occurrence of salt bridges in the muscle proteins may be related to their unusual elongated structures (virtually totally a-helical or dumbbell shaped) and to the conformational changes involved in the contraction process.
The possibility ofinterhelical salt bridges has been recognized for some time. In troponin C itselfa third ofthe long helix (helix D) is buried in the N-terminal domain and is stabilized by hydrophobic interactions with the four surrounding helices as well as interhelical salt bridges. The other end of the long helix (helix E) is only partially buried in the C-domain and may derive additional stabilization from the potential intrahelical salt bridge between aspartic acid-100 and arginine-103 as shown in Fig. 1 .
The exposed middle third of the long helix (DE linker) appears to be mainly stabilized by intrahelical salt bridges. The number ofpotential intrahelical salt bridges may be related to the degree of exposure of a-helices. The unusual structure of troponin C provides a good case in support ofthe importance ofintrahelical salt bridges between neighboring charged residues in stabilizing protein secondary structure.
